A systematic review and meta-analysis were performed to estimate the size and variability of the association between chronic pain (CP) and poorer cognitive test performances as a function of individual tests, pain sub-types, and study sources on 22 studies having (1) a control group, (2) reported means and standard deviations (SDs) and (3) tests studied at least 3 times. Results: CP patients performed significantly poorer with small to moderate effects (d = −.31 to −.57) on Digit Span Backward; STROOP Word; Color and Color-Word; Digit Symbol; Trail Making A and B; Rey Auditory Learning Immediate and Delayed Recall and Recognition. For these 10 measures, single effects (no interaction) were supported (I 2 = 0%-8%) and Random and Fixed models yielded similar results. No group differences were found for Corsi Blocks Forward or Wisconsin Cart Sorting Test Categories Achieved, or Perseveration. Effects for the Rey Complex Figure Immediate and Delayed Recall were significant, but effect size was inconclusive, given moderate to high heterogeneity and lack of consistency between Random and Fixed models. For the Paced Auditory Serial Addition Test, there was a homogeneous (I 2 = 0%) and significantly lower performance in fibromyalgia (d = −.47), but no effect in diagnostically undifferentiated pain samples, and wide variability across studies of whiplash (d = −.15 to −1.04, I 2 = 60%). Conclusion: The magnitude and consistency of the CP -cognition effect depended on the test, pain subgroup and study source.
Introduction
Evidence for the presence of an association between chronic pain (CP) and poorer cognitive test performances has been summarized in systematic reviews [1] [2] [3] [4] [5] and previous meta-analyses of cognitive domains using test pooling. 1, 2 Neurocognitive correlates of CP could add to disability 3 or illness role identification, increase physical or emotional distress, reduce motivation/selfefficacy, add to activity suppression by pain or increase pain coping errors. Altered cognitive processing may have common physiological denominators with CP. 5, 6 Pain-associated cognitive impairment increases difficulties with the differential diagnosis between postconcussion syndrome related to brain trauma 7, 8 and a post-concussion -like syndrome related to pain or non-brain injury; [9] [10] [11] [12] a diagnostic problem made bigger by the high frequency of pain and head injury co-occurrence. 10, 13, 14 Suggested mechanisms of this association include the following: shifting or individual differences in brain resource allocation, [15] [16] [17] [18] pain-activated neuromodulators, 19 neuroplastic changes 20 or individual neurological susceptibilities. 21, 22 Reduced grey matter has been found in CP patients [23] [24] [25] [26] [27] and an older literature focused on brain blood flow differences in CP. 28, 29 Some statistical concepts are of high relevance to our study. Meta-analysis involves increasing sample size by pooling subjects across studies to estimate the 'true' difference between population means. Measuring variance heterogeneity is critical to accepting, evaluating, and understanding the findings in metaanalyses. [30] [31] [32] Some study-to-study inconsistency is a natural result of sampling from truly different normal and CP distributions (i.e. sampling error). However, heterogeneity can also reflect: (1) an important interaction or moderator (i.e. between study variance is not '0') so that multiple true effect sizes apply or (2) excessive within study variance (or error) related to such variables as study differences in the specifics of test administration, symptom duration or other patient characteristics, the degree of subject matching in group selection, and mathematical control for covariates, making effect size estimation too inaccurate. As an example of the former, if neurocognitive effects are different for pain subgroups (e.g. fibromyalgia versus whiplash) heterogeneity could reflect multiple true effect sizes. This could also occur if different tests are combined to create a cognitive domain such as attention, or executive function. The I 2 statistic 30,31 is a measure of variance heterogeneity that controls for chance study-to-study differences and has been considered to minimize lowered or inflated heterogenieity by small or large numbers of studies. Finally, random effects models are generally preferred to fixed (or common) effects analysis because the former makes no assumption that the studies are drawing from a single super-population with one effect size. In the random model, variance is a combination of between and within study variance. However, the random model requires not only a sufficiently large number of subjects, but also a sufficiently large numbers of studies to accurately estimate the between study variance, 33 whereas the fixed effects model does not. Therefore, it should be instructive to examine statistical results using both models.
Collapsing across different cognitive tests thought to measure the same cognitive domain is common in meta-analyses of other clinical conditions. 20, 34, 35 However, cognitive tests are generally not specific to a cognitive domain. Cognitive domain analyses have yielded variable results. For example, in depression, 34 meta-analysis revealed no heterogeneity of variance in the 'attention' domain (I 2 = 0%), moderate to high heterogeneity for 'working memory' (I 2 = 61%) and 'psychomotor speed' (I 2 = .68), and very high variance heterogeneity for 'verbal' (I 2 = 81%) and 'visual memory' (I 2 = 88%).
Kessels et al. 4 provided a meta-analysis of 14 studies of the 'late whiplash syndrome' with emphasis on post-concussion complaints. They found poorer performance in whiplash versus controls with moderate to high effect sizes between −.53 and −.83 across cognitive domains, including attention, working memory, immediate and delayed verbal recall, visual scanning, and mental flexibility. Presence/absence of pain was not an independent variable in the analyses.
Berryman et al. 1 have provided meta-analyses on short-term memory and executive functions 2 in CP and have shown that CP is likely associated with lower performances, with small to moderate effect sizes in both domains. For short-term memory, meta-analysis showed lower scores in CP versus controls in 5 of 6 cognitive domains. Effect sizes ranged from −.31 to −.54. These researchers found good variance homogeneity for Immediate Visual Memory (I 2 = 0%) and Nonverbal Working Memory (I 2 = 18%) supporting the conclusion that a single true effect size had been estimated for those test clusters, which might reflect the effect size for those cognitive domains. However, homogeneity was weaker for Immediate Auditory Recall (I 2 = 40%) and Verbal Working Memory (I 2 = 40%) leaving it unclear as whether the effect sizes could vary importantly as a function of subject characteristics, or measurement error. For 'Running Memory', there was a large effect at −1.5 but also an I 2 of 86%. Only 5 of the 19 tests/subtests of short-term memory in their dataset had been studied more than twice which prevented estimating effect sizes for individual tests. In their study on executive functions, 3 domains of pooled tests were created. For Response Inhibition, CP did not differ from controls on the number of correct items but CP patients had slower performances (d = −.31). CP had fewer correct responses in Set Shifting (d = −.25) and Complex Executive Functions (e.g. Wisconsin Card Sort d = −.49) with slower performances in these domains (d = −.57, d = −.34 respectively). For Executive Functions, variance was homogeneous for the Set Shifting domain whether number of correct responses (I 2 = 0%) or response time (I 2 = 0%) were considered. Weaker consistency was obtained for the effects in the Response Inhibition response times (I 2 = 35%), and number correct in Complex Executive Functions was inconsistent (I 2 = 73%).
To our knowledge, no published meta-analyses have used an approach that starts with estimation of the magnitude and consistency/inconsistency (i.e. variance homogeneity) of effects for individual tests in CP. None have examined delayed recall. Effect sizes and inconsistency for domains (pooled results across studies and different tests) outside of short-term memory and executive function (e.g. processing speed, attention) have not been reported. No previous studies have determined whether study-test clusters with consistent findings could reveal the relative domain specificity versus generalization across domains for cognitive associations with CP. Our aim was to provide a systematic review of the literature and quantitative analysis to estimate the effect sizes and effect consistencies/inconsistencies for individual neuropsychological tests, and for cognitive domains, including, processing speed, attention, memory, and executive functions. For domains showing variance outside acceptable sampling error, we also sought to explore pain subtype and study source as potential moderator variables.
Methods

Search and inclusion/exclusion criteria
A systematic review and meta-analysis were conducted according to the Cochrane (PRISMA) guidelines 36 using the McMaster OVID Medline, PsycINFO, and EMBASE databases. The search included peerreviewed journal articles published between 1 January 1946 and 31 August 2015. The search words were broad and included 'chronic pain', 'fibromyalgia', 'complex regional pain syndromes', 'musculoskeletal pain', 'myofascial pain syndromes', 'whiplash associated disorder', 'cognitive functions', 'information-processing speed', 'distraction', 'cognitive interference', 'executive function', 'memory', 'recall', 'attention', 'working memory', 'reaction time', 'mental competency', 'psychomotor performance', 'learning', 'Wechsler Scales', 'neuropsychological tests', and 'neuropsychological measurement'. In addition, each test found in the first extraction was used as a key word for further searches. The search was limited to humans, English language, experimental designs, neuropsychological assessment and age 18 or older, and only studies with the following inclusion/exclusion criteria were retained for the analyses.
Inclusion criteria
1. Cognitive tests with known measurement properties. Studies of other outcomes only (e.g. electrophysiological measures) or tests used in research only without normative data or published standardized protocols were excluded. 2. CP patients symptomatic for at least 6 months and having no known brain injury or disease. Studies on pain patients selected based on the following characteristics were excluded: previous stroke, traumatic brain injury, dementia, neurodegenerative or neuroinflammatory diseases. 3. Studies on patients selected for malingering, or substance abuse were excluded. 4. A healthy control group selected on the basis of a history of the absence of pain. 5. Reported group means and standard deviations. 6. Cognitive tests/subtests studied at least 3 times, by different researchers or in different pain subgroups.
One investigator (Y.R.) conducted the initial search and selected 103 articles that potentially met criteria and required full reading. All 103 were read by the first investigator who excluded studies that did not meet criteria 2-6. Remaining reports were read independently by the first investigator and the psychologist to exclude studies not meeting criterion 1. Data were tabled in a standardized Excel sheet, and each group comparison was checked by both investigators to confirm accuracy of inclusion, and direction of the results of the individual studies on each cognitive measure.
Bias risk
Each included study was examined for risk of bias using the Newcastle -Ottawa Guidelines. 37 A study accumulated 1 star/point for each bias control feature up to a maximum 9. Scoring was performed independently by 2 co-authors (W.P., Y.R.) to ensure that study reports were clear enough to yield close agreement, and then discrepancies were discussed to produce the final summary.
Cognitive tests
A licensed psychologist and neuroscientist (W.P.) supervised test data extraction, and performed the data summary, analyses and interpretations. Different versions have been created for some of the tests. Studies were not excluded for use of a different version of a test. Common versions are as follows.
Wechsler scales. In Digit Span, the respondent is asked to immediately recall progressively longer strings of digits in the same order (Forward subtest), or in reverse order (Backward subtest). These subtests are sensitive to problems with immediate memory span and, in the backward task, to mental manipulation and hold time, and therefore, are considered tests of aspects of verbal working memory. In Digit Symbol Coding, numbers 1-9 have unique symbols. Subjects have 2 minutes to print as many corresponding symbols as possible under a string of random numbers. The test requires processing speed but is sensitive to numerous types of impairment.
Paced auditory serial addition test. Random numbers from 1 to 9 are presented, typically by audiotape, and the respondent adds each number to the previous one, not the previous total. Presentation speed is progressively increased. The test requires processing speed, sustained and divided attention, working memory and arithmetic skills.
Corsi blocks. Equally spaced blocks appear on a computer screen and light up in random order. The respondent attempts to recall the sequence in the same, or reverse order. Difficulty increases with the number of blocks. The test requires attention, and immediate memory for order and spatial location. Demand on working memory is increased in the reverse condition.
Trail making test. The time required to connect dots, numbered and spread randomly over a page, is recorded (Trails A). Good performance requires processing speed and visual scanning. In the B subtest, the respondent must quickly alternate between numbers and letters in ascending numeric and alphabetical order. This subtest requires speed, and mental flexibility or attention set shifting.
Test of everyday attention. This test was developed to achieve ecological validity. Selective Attention involves timed searches for destinations on a map, and telephone numbers in a directory while ignoring distractions (other destinations, other numbers). In Sustained Attention, the respondent must find the winning lottery number within a string of numbers, or keep track of the floor they are on in an elevator using a series of tones. In Attention Switching, the examinee is mentally riding an elevator and must switch from counting floors upwards to counting downwards when the elevator changes direction. In Working Memory, the examinee must both select the correct elevator tone (auditory trial), or arrow (visual trial), while counting the tones, or arrows to identify floors as they change.
Rey auditory verbal learning test.
A list of words is read and the respondent attempts to immediately recall as many as possible. The list is repeated multiple times to index learning speed. A novel list is inserted and recalled to create interference, followed by an attempt to recall the first list. The first list is recalled again after a delay. The test ends with a recognition trial for items on the first list interspersed with new words.
Rey complex figure test. The subject copies a twodimensional abstract diagram and then reproduces it from memory at different delays. The test is sensitive to problems with visual-spatial constructional abilities, and visual memory.
STROOP test. Subjects read out loud the randomly ordered colour names red, green and blue printed in black, on white paper, completing as many words as possible in a fixed time (alternatively, the time to read all 100 words can be used). Then, the colours are read/ reported for 100 series of 4 'x's', printed in red, green or blue. In the interference subtest, the words red, green and blue are printed with mismatching of colour to word (e.g. red typed in blue ink) and the colour must be read out loud. The test requires processing speed, selective attention and the executive ability to inhibit a habitual response (reading of words) to produce the correct one (colour).
Wisconsin card sort. Four key cards with geometric shapes of different number and colour are used along with 128 response cards. The goal is to recognize the current rule/concept (e.g. shape, colour, number) in as few trials as possible and maintain the rule/cognitive set ignoring the other 2 variables until the rule changes. The examiner provides feedback after each presentation. The rule is changed without warning and the subject must detect that and discover the new rule efficiently, using the positive and negative feedback on each trial. The test requires reasoning including an integration of the efficient use of feedback, concept recognition, impulse control and mental flexibility.
Statistical analyses
Meta-analysis was performed using Review Manager Software 5.2. 36 Pain subgroups were combined/collapsed unless variance heterogeneity prompted investigating interaction effects. Each test used in a study was entered separately (i.e. the 'test comparison' approach) and meta-analysis was performed on that test, across studies/published reports. The data were tabled so that weaker performances were consistently lower scores to adjust for study differences in how a test was administered and scored (e.g. stronger = lower time to complete a task, versus higher number of items in a fixed time). Effects were expressed as Standardized Mean Differences (Cohen's d). Statistical significance was set at alpha = .05 and extrapolated from the Z score. The 95% confidence intervals (CIs) were calculated for each meta-effect.
Variance heterogeneity was calculated for each metaanalysis using the I 2 statistic with I 2 30% or lower being acceptable, I 2 56% or higher being unacceptable 30, 31 and intermediate I 2 suggesting caution relating to the potential for too much variance to estimate the effect, or a need for exploration of potential interaction effects (i.e. no single true effect). Random and Fixed Effects were both calculated to examine the consistency of the calculated effect sizes with and without consideration of between study variance. Effect estimates were interpreted to be small (0.2 standard deviation (SD)), moderate (0.50 SD), or large (0.80 SD) according to Cohen. 38 In the event of moderate to high variance heterogeneity, meta-analyses were calculated for each pain subtype. Simple effects were calculated for single studies, when pooled effects for a pain subtype continued to yield moderate to high heterogeneity. Funnel plots were drawn by Review Manager as a check for potential publication bias.
Results
The systematic review yielded 1507 articles ( Figure 1) 39 . Removal of duplicates, reviews, editorials and initial Bias risk assessment ratings ranged from 3 to 7 out of 9 (Tables 1 and 2 ). All studies received 1 point on Exposure because the method of 'ascertainment' was cognitive testing for both groups. All studies lost 2 Outcome points, 1 for non-blinding whereby no authors described blinding examiners and it would be difficult to keep examiners blind to group status, and 1 for 'response rate', whereby no reports included a description of the proportions of identified subjects who participated. 'Selection' requirements were met variably with a range of 2-4 of 4 points. The main reason for loss of points was the potential for group selection bias. For Comparability, 1 of 2 maximum points was awarded if groups were equated on 1 or more tests estimating pre-morbid IQ ('most important factor') and a second point for 1 or more additional controlled variables. All studies included subject matching on age. Subject matching on gender and education was performed in 70% of studies, although both were not consistently controlled in the same studies. Subject matching on IQ was performed in less than ½ of studies. Only 1 group was able to show statistical similarity between groups on depression based on Minnesota Multiphasic Personality Inventory II Depression scale scores. Demonstrated control for subject effort or demand characteristics was also almost non-existent.
Meta-analyses on individual tests showed significantly poorer performances in CP over a wide range of cognitive tests (Table 3 ). Significant fixed effect sizes ranged between −.31 and −.57 standard deviations. The only larger effects were generated from studies all done by one team using the subscales of the Test of Everyday Attention. They found somewhat larger effect sizes ranging up to d = −.92 for the working memory subtest. Table 3 shows the initial summary of effect sizes for individual tests, based on the calculated overall effect, study-to-study consistency and the influence of between study variance. Table 4 shows post-hoc analyses of tests with significant effects but moderate to high heterogeneity, in order to explore interactions. Tables 3 and 4 together showed the following overall results. (2002) Test of Everyday Attention (TEA) subtests were excluded from the summary, and considered outliers requiring further research because they differ from other tests by larger effects, single laboratory study and conception (ecological focus). Table 5 shows results for an exploratory analysis in which tests that individually showed low to moderate variance heterogeneity, were combined within models of cognitive domains. The RAVLT is the only verbal memory test that met our inclusion criteria, and therefore, the effect size is shown in Table 3 , and it is not included in domain analyses. Insufficient numbers of tests studied 3 or more times with homogeneous variance prevented forming test clusters/domains emphasizing non-verbal attention, non-verbal processing speed, non-verbal working memory, verbal or non-verbal learning with immediate or delayed recall or for complex problem solving. It was possible to construct a domain emphasizing Executive Function -Simple Flexibility and Response Inhibition, and one emphasizing verbal attention, processing speed and, potentially, working memory. The findings show acceptable variance homogeneity and no differences between Random and Fixed models in these 2 test clusters. Figure 2 shows forest plots of the fixed effects outcomes for these 2 test clusters. The plots do not suggest consistent differences between tests within each domain on effect sizes or ranges.
Funnel plots (Figure 3 ) for domain analyses are largely symmetrical and show minimal departure of the highest weighted studies from the calculated effect sizes.
Discussion
Overall, the findings show poorer cognitive performances in CP patients with effect sizes ranging between small and moderate. Only 1 team using subscales of Table 3 Digit Span Forward the TEA found consistently larger effect sizes. These remained under 1 standard deviation weaker performance in CP. The higher effect sizes with the TEA could reflect measurement error. However, the TEA differs from other attention tests in that it was designed for ecological validity. This difference may mean that effect sizes for TEA subtests are larger than for other attention tests, but this possibility needs to be explored.
The present findings do not alter general conclusions of other authors. [1] [2] [3] [4] [5] The findings continue to show generally weaker cognitive performances in CP, weaker processing speed, 20 weaker performance on short-term memory measures, 1 weaker performances 62, 63 and this has prompted a line of research to establish effective CIs for measures of variance heterogeneity. Our finding that I 2 was 0% for each of the 2 test clusters ( Table 5) , despite the use of many more studies than was the case for individual tests, increases confidence that variance heterogeneity was not missed in the analyses.
The source of the poorer cognitive performances in CP remains unclear. All studies equated groups on age. In all, 16 of the 22 deliberately equated on gender, and 16 equated on education. Other potentially confounding factors that were less frequently controlled include group differences in socioeconomic status, general intellect, medication use, mood and other co-morbid psychopathology, and effort and demand characteristics. Studies varied considerably on the extent to which groups were equated on each of these variables.
Another line of research has focussed on capturing differences in brain physiology, which could be relevant to determining whether pain per se negatively affects the brain's ability to perform cognitive tasks. 64, 65 Most of the research involves static comparisons of CP patients with control samples. Longitudinal studies starting in acute pain or early following musculoskeletal injury are needed. Studies examining within-subject changes in cognitive performances to pain relieving interventions could be helpful. Nevertheless, intervention for pain could change a number of variables other than pain experience that could contribute to differences in brain physiology including stress levels, medication and other substance use, co-morbid psychopathology, activity levels and even conceivably, motivation.
The use of test clusters to investigate cognitive domains was possible only for an executive functioning domain that included tests sensitive to simple mental flexibility and response inhibition, and for a domain emphasizing verbal attention and processing speed with the possibility of working memory being relevant based on digit span backwards data. For both test clusters, CP performances were poorer than controls with the effects being small to moderate. Insufficient variation in tests studied multiple times and showing consistent results for each test prevented the creation of test clusters for non-verbal attention, working memory or processing speed, for verbal and non-verbal learning and memory, or for complex problem solving.
Our exploratory domain analysis did not reveal domain specificity of the association between CP and cognitive impairment. The fact that CP patients performed weaker on a wide range of tasks suggests that identifying domain specificity, if it exists, could be difficult. The CP -cognitive impairment association may be highly domain non-specific. Despite the large number of studies over the past 20 years, research to date has not provided a sufficient number of repeatedly studied tests to provide large sample sizes and converging evidence (test clusters) to quantify the effect sizes for very many cognitive domain abilities in CP. The fact that the detectable effect sizes are largely well under 1 standard deviation forces a need for very large samples to investigate interaction effects.
Another factor contributing to difficulties testing domain specificity is that multiple domains can be variably relevant to each test. This has likely contributed to differences in domain definitions across study sources. Across meta-analysis studies in other health conditions, the structure of cognitive domains imposed on the data varies. For example, Digit Span forward and backward have been included together under Executive Function 20 or separated with digit span forward under Attention and backward under Working Memory. 34 Attention and working memory are sometimes combined as one construct. 35 Trail Making B was included under Executive Function in 1 study, 20 but under Attention Switching and excluded from the Cognitive Flexibility domain in another. 34 These study differences are understandable when tests are sensitive to multiple cognitive abilities or when terms such as 'attention', 'flexibility', and 'executive functions' are being used differently enough by different researchers. Our analyses were not meant to capture the best cognitive domain model for CP. Rather, we demonstrate first that variance homogeneity supports conducting at least some domain analyses in CP, but second that the effect sizes and consistency will depend on which tests are included in which domains.
It is noteworthy that the mix of studies differs between our analyses, and the 2 previous reports on meta-analyses in CP. 1, 26 Those 2 studies included 17 reports that were excluded from our analyses. We excluded 14 because the tests had not been studied 3 or more times, one 66 because the patients had alcohol abuse related pancreatitis, one 67 because means and standard deviations were not available, and one because CP could not be confirmed. 68 In contrast, we included 8 studies excluded from their reports. 39, 41, 42, 45, 46, 49, 55, 59 Six of these were studies of whiplash. Reasons for their exclusion of studies by Cánovas et al. 42 and Kim et al. 49 are not known. Whiplash studies may have been excluded given the possibility for brain trauma. We found good variance homogeneity for the Digit Symbol Coding, Trail Making A & B, the RAVLT, and the STROOP despite inclusion of whiplash samples. It is possible that whiplash contributed to high variance across studies of the PASAT. More generally, the similar findings between the present analyses and the former reports provides evidence that weaker cognitive performance in CP is robust and characteristic of a wide range of tests and likely multiple cognitive domains. We provide evidence that some tests appear to be less implicated in CP than others. Given that some tests included in our analyses showed inconsistent findings across studies, and given the large number of tests that have not been repeatedly researched in CP, much remains unknown about the association between CP and cognitive functioning.
